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Abstract

Urinary exosome-like vesicles (ELVSs) are a heterogenous mixture (diameter 40-200nm)
containing vesicles shed from all segments of the nephron including glomerular podocytes.
Contamination with Tamm Horsfall protein (THP) oligomers has hampered their isolation and
proteomic analysis. Here we improved ELV isolation protocols employing density centrifugation
to remove THP and albumin, and isolated a glomerular membranous vesicle (GMV) enriched
subfraction from 7 individuals identifying 1830 proteins and in 3 patients with glomerular disease
identifying 5657 unique proteins. The GMV fraction was composed of podocin/podocalyxin
positive irregularly shaped membranous vesicles and podocin/podocalyxin negative classical
exosomes. Ingenuity pathway analysis identified integrin, actin cytoskeleton and RhoGDI
signaling in the top three canonical represented signaling pathways and 19 other proteins
associated with inherited glomerular diseases. The GMVs are of podocyte origin and the density
gradient technique allowed isolation in a reproducible manner. We show many nephrotic
syndrome proteins, proteases and complement proteins involved in glomerular disease are in
GMVs and some were shed in the disease state (nephrin, TRPC6 and INF2 and PLA2R). We
calculated sample sizes required to identify new glomerular disease biomarkers, expand the ELV
proteome and provide a reference proteome in a database that may prove useful in the search for
biomarkers of glomerular disease.
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Urinary microparticles known as exosome-like vesicles (ELVs) are derived from two
distinct cellular sources, the multivesicular body (MVB) (true exosomes) and apical cell
membrane (membrane vesicles).1® They are shed from the entire genitourinary epithelium
(kidney, urothelium, prostate, bladder), and an important subpopulation appears to originate
from the glomerulus. These could be a rich source of biomarkers permitting non-invasive
assessment of glomerular health.® Bulk ELV subfractionation has not been possible due to
large amounts of Tamm-Horsfall protein (THP) in urine, as under physiological conditions,
THP oligomerizes into long double helical strings.” In centrifugation-based protocols it
tends to precipitate under high “g” forming a gel which traps and sequesters ELVs.8 A
variety of techniques have been used to reduce the amount of THP in ELV preparations-the
most important being use of dithiothreitol (DTT) to reduce the disulfide bonds in the THP
ZP (Zona pellucida) domains, abolishing its ability to oligomerize, but even under these
conditions? significant amounts of reduced THP still precipitate upon ultracentrifugation,
and dominates the proteomic landscape of urine ELVs especially in the range 80-110kDa.*8
Another approach is to generate an exclusion list of THP MS1 peptide masses, which can be
used to exclude THP peptides from further analysis in the MS2 dimension (which generates
sequence data).® However, this runs the risk of excluding peptides from non-THP proteins,
although it tends to uncover more peptides than it loses.® Our D,0 5-30% sucrose gradient
method pellets the vast majority of the THP to the bottom of the ultracentrifuge tube (see
figures 2b and d Hogan et al 2009), with ELV subfractions banding at different specific
densities1O.

In prior studies we identified ELV subfractions enriched for specific kidney disease proteins,
including a fraction containing the major polycystic kidney disease proteins polycystin 1,2
and fibrocystin (all thought to be of tubular origin), which permitted examination of the
post-translational processing of these proteins and provided the first in vivo evidence of
polycystin 1 GPS domain cleavage.11:10. 12 \We and others have also identified podocin and
several other glomerular disease proteins in ELVs.% 13. 141516 A comprehensive analysis of
the shed glomerular membrane vesicle (GMV) proteome together with measurement of intra
individual variability is required before attempts are made to study the GMV proteome in
preparation for biomarker discovery studies.

Utilizing DO 5-30% sucrose gradient density centrifugation we have now focused our
isolation method to study the GMV sub-fraction. Antibodies to podocalyxin and podocin,
regarded as major podocyte surface antigens, (the visceral epithelial cells of Bowman’s
capsule) were used to study their morphology.1’: 18 We performed a comprehensive
proteomic analysis of this subfraction enriched in GMVs (apical membrane vesicles) and
then assessed the overlap of our GMV proteome with the published glomerular tissue and
urine exosome proteomes.19 We studied the post-translational processing of a number of
known glomerular disease proteins for the first time in vivo and provide these data in a
searchable database.
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Results

Clinical characteristics of participants

Urine was collected from seven healthy volunteers, four males and three females, aged 17 to
34 years (mean age 27, average albumin /creatinine ratio 1.63mg/g (0-5.76mg/g) (IRB
#09-003355). Normal random urine albumin excretion <17 mg/g creatinine (males) and <25
mg/g creatinine (females)). None of the volunteers were hypertensive and all were non-
smokers. Average serum creatinine was 0.95+.07mg/dL. Urine was obtained from three
adults with glomerular disease (IRB#07-004128) (Table 1).

Pre-Fractionation of GMVs

We obtained 270ml of fresh urine from each of seven individuals and centrifuged them at
low g-force to remove cells and debris, then ultracentrifuged them at 150,000g for 1hour to
pellet a mixture of THP and ELVs, termed “crude exosomes”. THP was further removed
from the ELV fractions by centrifugation on a 5-30% sucrose gradient in D,O (200,000g x
24 hours). We found three distinct bands of visible ELVs scattering light when the 5-30%
sucrose D,O gradient was illuminated along its long axis and which we could reproducibly
and accurately collect (figure 1A).29 We designated the three bands as A, B and C; A being
the lightest RI- n=1.3436 sd+/-0.00124, B the band of intermediate density band (PKD-
ELVs) Rl n=1.3539 sd+/-0.000831 and C the highest density (GMVs) Rl n=1.3625 sd+/
-0.000911.

Characterization of GMVs by western blot and electron microscopy

On transmission electron microscopy (TEM) of the purified ELV fractions, fraction A was
characterized by the presence of large ~200nm EL Vs, which have a classical "punched-out
soccer ball" appearance (median diameter 93.0nm (IQR 75.3-128.8nm) with a right skewed
distribution), fraction B contained mainly classical ELVs (median diameter 79.4nm (IQR
54.6—103.9nm),and GMV (membrane particles) were most abundant in fraction C (median
diameter 72.1nm (IQR 50.2-93.8nm), left skew). In fraction C there were smaller membrane
fragments that lacked the distinct appearance of classical ELVs, stained poorly with uranyl
acetate and were podocin/ podocalyxin positive (termed GMVs). GMVs accounted for
23.3% of all particulate content in fraction B and 44.7% of particulate content in the fraction
C grids surveyed) with the remainder in each being “classical” ELVs which did not stain for
podocin/podocalyxin (figure 1C; figure 2A). Median classical exosome diameter was
91.4nm (IQR 76.9-109.2nm) compared with GMV diameter of 45.8nm (IQR 35.9-56.1nm)
(p-value < 2e716, Wilcoxon test) in fraction C (figures 2A & B). Using KS permutation
testing, we also observed a clear shift indicating a difference in the diameters of two particle
types (p<0.0001) (Supplemental figure 1).

These differences were also reflected in Western blots of the three fractions, Fraction B
being enriched for polycystin-1, more than fraction A or C; fraction C being podocalyxin
positive with only weak detection of polycystin-1 (figure 3A). Thus, while this method
isolates a heterogenous population of vesicles (albeit a not completely pure GMV fraction),
it permits a first time assessment of their morphology and peptide level proteomic data at
peptide depth not previously accessible (supplemental table 2A).
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Effective removal of contaminating THP

Virtually all THP migrated to the pellet at the bottom of the ultracentrifuge tube leaving the
banded ELV fractions clear of THP. This was seen when we analyzed ELV fraction C by
SDS-PAGE analysis. Fraction C protein ran as a multitude of bands whereas the starting
material-“crude exosomes” was dominated by a large band of THP no longer visible in the
purified Fraction C ELVs (figure 3B compared to 3C, 3D & 3E). This was also reflected in
the proteomic analysis of gel slice D (70-90kDa, THP Mwt=85kDa) in fraction C where
THP was no longer the most abundant protein (by either spectral counting or sequence
coverage).

Proteome Characterization of GMVs

We separated 30ug of ELV fraction B (PKD-ELVs) and C (GMVs) material from each
individual on a 4-12% SDS-PAGE gel and then sliced it into 10 horizontal gel band
segments (A-J) for proteomic analysis by LC-MS/MS (figure 3B), generating 140
individual samples. We also pooled equal protein amounts of the seven fraction C samples
(GMV fraction) and ran this on both a 10-14% and a 5% SDS gels; each lane was then cut
into 45 and 36 slices respectively (figures 3D, 3E). Each slice was analyzed by LC-MS/MS.
Data from both LC-MS/MS experiments was searched using a combination of Mascot,
Sequest and X!Tandem (figure 3F).21. 22 A total of 2190 proteins were identified by LC-
MS/MS analysis from the ELVs from both sucrose gradient fractions B and C combining all
methodologies (figures 3F, 4A, 4C). A total of 1830 proteins were identified in the GMVs
(fraction C) combining all methodologies (figure 4B). The glomerular origin was confirmed
by presence of podocin in fraction C but not in B (figure 2C; supplemental table 1). We
found 1106 proteins were common to all seven individuals of fraction C (supplemental
figure 2). We also found 27% (599/2190) proteins were present in the glomerular tissue
proteome, implying that a specific subfraction of glomerular proteins are secreted (figure
5A).19

Hereditary glomerular disease proteins

We identified many hereditary glomerular disease proteins, the majority with greater peptide
number than previously reported in other exosome studies (table 2, supplemental tables 1
and 2).4 13 These included podocin, alpha-actinin-4, CD2-associated protein, myosin-9,
myosin 1E, cdc42, CD151, Rho GDP-dissociation inhibitor 1, integrin alpha 3 and cubilin.
Podocin (exclusively seen in gel slice F;~40-55 kDa range across all seven controls) is
reported to have two isoforms- 42 and 34 kDa, the latter characterized by absence of amino
acids 179-246 (Uniprot.org). The peptides identified were outside of that range, and
therefore while the MS data could not distinguish which isoform was present, our molecular
weight data from the 1D-SDS gel suggests isoform 1 was the secreted GMV form
(supplemental table 2). Several proteins mutated in atypical hemolytic uremic syndrome
(complement C3, C4B and factor B; table 2) were also present.23

Proteins involved in glomerular biology

Podocalyxin (59 kDa mass by amino acid sequence) has multiple O-linked and N-linked
sugar modifications and coats podocyte secondary foot processes.1”: 24 Consistent with these
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reports, we identified its peptides only occurring C terminal to the heavily glycosylated
region (figure 2C), with highest abundance in gel slices A, B, and C (supplemental table 3).
A number of other proteins implicated in glomerular biology were identified (table 3).

Large proteins & Proteases

Several very large proteins were distinguished by visible Coomassie bands (figure 3E) in the
high MW GeLC experiments: IgGFc-binding protein (a gigantic protein with 5,405 amino
acids with a nonimal unprocessed molecular mass of 572KDa were present (38 peptides;
band 28), megalin, the Heymann nephritis antigen (low-density lipoprotein receptor-related
protein 2 mutated in Donnai-Barrow and faciooculoacousticorenal syndrome, associated
with proteinuria) a 522kDa protein (most abundant protein slice 8), maltase (slices 8 &13)
and ACE, a2 macroglobulin & ACE?2 (in slice 23) and aminopeptidase N (slice 29). Peptide
coverage of both ACE and ACE2 was higher using our methodology than in prior studies
(table 2; Supplemental table 1); ACE, a membrane-bound enzyme is anchored by its
hydrophobic carboxyl-terminal segment and is also a circulating protein in body fluids and
could indicate their secretion from podocytes could be through shedding on GMVs, as
opposed to secretion following enzymatic cleavage.1® Several lysosomal proteinases
anticipated to exist in the classical MVB-derived exosomes but not on GMVs, were detected
in fraction C (cathepsins A, B, C, D and H) and could maintain some proteolytic activity in
urine.2® The presence of others- (cathepsin G-the first observation that it could be shed from
the podocyte; 3 peptides 11% coverage; gel slice J; all 7 controls), neutrophil elastase and
myeloperoxidase suggests these cationic autoantigens may be disposed of through GMVs.

Pathway Analysis

Ingenuity pathway analysis (Supplemental table 3) identified the integrin signaling (=log p
value: 26.2), actin cytoskeletal (-log p value: 23.55) and Rho GDI (involved in membrane
ruffling) (=log p value: 23.1) were the signaling networks identified with the highest
statistical significance in fraction C. Reactome pathway analysis (www.Reactome.org) also
identified the statistically most over- represented pathway was membrane trafficking
(REACT _11123;) with products of 75 of 192 genes in this pathway identified (un-adjusted
probability of seeing N or more genes in this event by chance was —log p value 27).
(Supplemental table 3).

High resolution mass spectrometry in individuals with glomerular disease

Using identical conditions we isolated GMV subfractions from three individuals with
glomerular disease (2 membranous nephropathy cases and another individual with 1gG3
membranoproliferative glomerulonephritis (figure 6). The initial ultracentrifugation spin
precipitated THP as usual (figure 6A)but with only small amounts of albumin retained in the
pellet (figure 6C; compare control with cases) implying that it is retained in solution under
these conditions with negligible albumin in the respective pellets following the D,O sucrose
gradient step (figure 6C) step. Using the same gel slice technique we identified a total of
5657 proteins using the Q-Exactive™ mass spectrometer (Supplemental table 4). GMV
morphology was identical to the healthy control samples but importantly we detected the all
the nephrotic syndrome proteins and several others not detected in the healthy controls (e.g.
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nephrin, TRPC6, INF2, IQGAP1; and the idiopathic membranous nephropathy target
autoantigen PLA,R; Supplemental table 4).

Discussion

We provide an isolation protocol for purification of glomerular membrane vesicles, describe
their morphology and catalog their proteome in healthy controls and individuals with
nephrotic syndrome/glomerular disease. We expand the known urine exosome proteome and
show how it overlaps with the glomerular tissue proteome. Our first technique, an analysis
of 7 independent samples, identified 1720 proteins in the fraction most abundant in GMVs
and the second approach using pooled samples (Gel C) contributing an additional 110
proteins. At least 387 proteins not hitherto observed in ELVs (figure 5B) include the
proteinase 3 receptor, CD177.26 Furthermore, we identified 497 proteins not detected in the
largest urine exosome proteomic study to date.1®> We then studied fraction C samples from
individuals with glomerular disease with proteinuria using high resolution mass
spectroscopy confirming the isolation method is valid in proteinuric states and identified
5657 proteins, supplying the largest urine based proteome reported to date in glomerular
disease (supplemental table 4). The much larger number of proteins identified can be
accounted for by the new high performance instrument a hybrid quadrupole-orbitrap.2” Our
databases will be for useful for isoform identification and in selection of suitable peptides
(also supplied) for quantitative proteomic approaches in candidate biomarker proteins
(Supplemental tables 2 & 4).

Transmission electron microscopy (TEM) delineated the morphology of the podocin/
podocalyxin positive GMVs as irregular membrane fragments (average diameter 62.5nm).
Fraction C also contains classical exosomes, with their “punched out soccer ball”
appearance, negative for podocin/podocalyxin. Podocalyxin and podocin are found
exclusively on podocyte apical foot process surfaces (i.e. directly adjacent to the urinary
space) implying that GMVs shed from the visceral aspect of the podocyte into urine.28 Hara
et al. also described shedding vesicles termed podocyte membrane vesicles which are CD24/
CD63 negative (i.e. unlikely to be of MVB origin).2? and others showed podocalyxin -GFP
exits by a (<100nM diameter) vesicular pathway from the leading edge of the cell and
speculated these vesicles contain macromolecular complexes of other glomerular proteins.3°
Network analysis of the fraction C proteome shows that actin cytoskeletal pathway scored
highly, leading us to propose that GMVs are generated via interaction between the
cytoskeleton and the membrane, in short by membrane ruffling (Supplemental table 3).
Therefore, available data on GMVs strongly suggests a podocyte membrane origin.

GMVs contain proteins involved in genetic causes of glomerulonephritis and acquired
glomerulopathies (tables 1 & 2). Nephrin, TRPC6 and INF2 were detected in all proteinuric
cases but not in normal controls.. Nephrin, a slit diaphragm protein is tethered to the
membrane as a stable structural protein only dislodged in disease; TRPC6 an ion channel is
also stably tethered to the podocyte cell membrane may also be in a stable complex, perhaps
with nephrin as also may be the case for INF2 and shed in GMVs.3132-34 The FSGS protein,
CD2AP, a dynamic and promiscuous adapter protein was abundant and is known to bridge
the actin cytoskeleton with membrane proteins (table 2)- further supporting the idea of a
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podocyte membrane origin for GMVs. The target autoantigen M-type phospholipase A,
receptor (PLA,R) seen in patients with idiopathic membranous nephropathy was detected in
all three cases but not in controls and as this is the first analysis of GMVs in individuals with
membranous nephropathy these findings will need to be followed up in other cases to
understand their significance3®. WT1 was not seen in either group likely explained by its
location as a nuclear transcription factor protein36:37

ANCA antigens implicated in pauciimmune glomerulonephritis, human leucocyte
(neutrophil) elastase, myeloperoxidase (both in fraction C) and proteinase 3 (fraction B)
were present (Supplemental table 1). These cationic azurophil granule proteins are
exclusively contained in cells of myeloid lineage-neutrophils and monocytes. We theorize
that when circulating neutrophils degranulate or become senescent, cationic proteins are
released into the blood and some of these are delivered to the polyanionic glomerular
basement membrane where they are detected and removed by the podocyte, then shed on
GMVs into the urine space.38-42 This may protect the polyanionic membrane from
proteolytic assault and prevent accumulation of autoantigenic neoantigens on the glomerular
membrane. Therefore, membrane-bound neutrophil derived proteinases may be candidate
biomarkers in granulomatosis with polyangiitis (e.g. ANCA vasculitis). The presence of
complement components (C3b and C4b) and complement inhibitors such as CD59, together
with large proteins involved in immunoglobulin binding (IgGFc-binding protein) suggests
podocytes participate in clearing immune complexes, some of which appear in urine bound
to GMVs.

This study utilizes and refines the 5-30% sucrose heavy water continuous gradient first
described in our previous study to identify a fraction of ELVs rich in membrane fragments
from the glomerular podocyte (GMVs).10 Others have used D,O gradient ultracentrifugation
since our 2009 report but with their double- cushion method (and similar stringent criteria
for protein identification they identified only 378 proteins.16 The success of our study
depended on two other significant technical advancements (1) our label free-method
provides non-denatured protein free of THP and albumin with a reproducible proteome
(Supplemental figure 2) as characterized by the number of proteins identified6: 43. 44 (2)
powerful 1D separation methods supply information about molecular mass of the parent
protein, which in turn can be used to guide research into differential splicing, glycosylation
and proteolytic cleavage of interesting proteins as opposed to proteomics studies where
fractionation occurs after proteolysis. Though our method is not practical in a high
throughput clinical setting, it is suitable for ELV/GMV biomarker discovery work. 154041
Promising candidates could then be validated with multiple reaction monitoring permitting
directed analysis of target biomarker peptides using higher throughput filter-based
techniques for enrichment of urine exosomes.*>

We performed a simulation using spectral intensity data using three possible scenarios using
our data and calculated the number of individuals in a disease and control group required for
an 80% power and 5% FDR to detect a 22x difference in protein abundance. Different
proteins showed different degrees of variability using intensity (Supplemental table 2,
Supplemental figure 3). Twenty individuals per group (disease versus normal controls)
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would permit detection of a =2x difference in the <5% most differentially regulated
proteins.

In conclusion, with improvements in our ELV isolation and proteomics methods, combined
with the ability to remove THP and albumin from urine, we predict the ability to isolate
urinary GMVs will be useful for the study of proteins involved in the pathogenesis of human
glomerular disease.

Enrollees and clinical evaluation

Mayo IRB approved this study. Consent was obtained for urine collection from healthy
normotensive individuals <40yrs with normal renal function, no hypertension & absence of
microalbuminuria and three individuals with glomerular disease (#1; #2; #3). Urine albumin
was measured by immunoturbidimetry utilizing antibody to human albumin in an automated
immunoprecipitin analysis system. (Package insert: Tina-Quant Albumin Reagents Kit for
urinary albumin, Roche Diagnostics, Indianapolis, IN, March 2007). Creatinine was
measured by the enzymatic method (Roche Diagnostics, Indianapolis IN).

Density centrifugation

Two hundred and seventy milliliters of first or 2nd AM void urines which was spun at low
speed 4000g x 15 minutes in a chilled centrifuge (at 4°C), (as opposed to the 17,0009 used
by Pisitkun, as this was sufficient to clear cells and debris without reducing the yield of
ELVs) then supernatant was sieved on a 80um porous nylon filtration membrane
(www.sefar.com; 12x 12 in; Item 7050-1220-000-20) to remove particulate matter and
supernatant was then ultracentrifuged at 4°C at 150,000g x1 hr. ELV pellets were
resuspended in 0.25M sucrose 20mM MES pH6.0 with protease inhibitor (Complete no
EDTA; Roche®) & centrifuged x 24h @200,000g on 5-30% sucrose D,0 gradient at 4°C
(figures 1 & 2) and then fractionated according to the visible 3 bands by refractive index;
zone A the lowest density n=1.3436 SD+/-0.00124, intermediate density B n=1.3539 SD+/
-0.000831 & highest density C = 1.3625 SD+/- 0.000911%. These were harvested using a
Biocomp gradient station (Biocomp Canada; www.biocompinstruments.com) and pelleted
overnight at 100,000g in PBS/Complete at 4°C no EDTA. Exosome gradient fractions from
three patients with history of documented nephrotic syndrome and biopsy proven glomerular
disease (~150-250ml raw urine) were handled in the same way.

Gel Analysis

Thirty micrograms of protein (pooled podocin-rich fraction- Zone C) of each individual was
separated with 1D PAGE 4-12% MOPS % then divided into 10 gel slice sections using
prominent protein bands common to all samples as markers and spiked-in proteins of known
mass. For each sucrose gradient fraction B and C we pooled equal amounts of protein from 7
(B) and 7 (C) normal human subject samples. We did not run fraction A samples due to cost.
The pellet from each nephrotic patient was air-dried, and re solubilized in 20 ul of Novex
sample buffer + 50mM TCEP; 2 ul was ran on a test gel to determine the relative amount of
protein and possible albumin contamination. The remainder of each sample was ran on a 4—
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12% Novex minigel and 8-10 sections per gel cut out for MS analysis, with the goal of
identifying as many proteins as possible in the three patient samples.

One Dimensional Gel separation GeLC-MS

Antibodies

For optimal protein separation, we ran 2 gels on each pooled sample optimized for high
molecular weight (HMW) 5% gel (SGE0610-01) and low molecular weight LMW — (10.5—
14% gel) (SGE0610-02) protein analysis. For the LMW gel (SGE0610-02): 45 bands from
the LMW gel were cut out and submitted for MS "B" lane = sucrose gradient fraction B -
pooled normal samples "C" lane = sucrose gradient fraction C - pooled normal samples. For
the HMW gel (SGE0610-01): 36 bands from "C" sucrose gradient fraction lane were cut out
and submitted for MS (figures 3D & E).

We used the following antibodies: podocin (Sigma; (H-130) sc-21009 (200 pg/ml),
polycystin 1 (7E12 monoclonal AB; Santa Cruz) and human specific podocalyxin (3D3.28,
Santa Cruz; gift from Drs. Kershaw and Wiggins).

Western Blot

Isolated ELV subfractions were subjected to immunoblot as described previously.
Polycystin 1 antibody was used at 1: 1000 concentration, podocalyxin was used a 1;1,000
concentration (gift Drs. Kershaw and Wiggins, U Michigan). All blots were performed on
nitrocellulose membranes and blocked with 5% non-fat milk.

Supplemental Methods

Electron microscopy

Podocin and podocalyxin antibodies were labeled with 15 nm protein A-gold on zone C
ELVs from 6 normal controls (3 males and 3 females). Anti-polycystin 1 (7e12) and
podocalyxin (3D3) was applied to two fraction C samples. Double staining was not possible
due to the shared IgG1 isotype for both podocalyxin and polycystin 1 antibodies. All
negative controls used had no primary antibody. Immunoelectron microscopy was
performed as described previously.1% The concentrated solution of exosome fractions
prepared as described above was mixed 1:1 with 4% paraformaldehyde in phosphate-buffer
(pH 7.2) and then applied to 200-mesh Formvar-carbon coated nickel grids. The grid was
stained with 2% uranyl acetate, pH 7, and embedded with 2% methylcellulose/0.4% uranyl
acetate, pH 4. After drying, grids were examined with a transmission electron microscope
(JEOL ExIl).Particle diameter measurements were performed by one observer (JB) using
Image J (NIH).

Statistical analyses

For particle diameter analysis the data was trimmed removing objects with diameters
>400nm. Distinguishing criteria for GMVs (done by CJW) were a non-clumped isolated
membranous particle with the presence of 3 or more podocalyxin positive gold versus non-
staining EL Vs within the same image field. The maximum diameter of each vesicle was
measured by TEM at 80,000x magnification and a total of 705 vesicles were scored as
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classical exosomes (n=390) or glomerular membrane vesicles (n=315) in fraction C. Total
for fraction B were 437 particles, across three different subjects. Since data was skewed to
the left we utilized a non-parametric Wilcoxon test. Results are expressed as median and
interquartile range. Comparison of distribution of vesicle diameters between classical and
irregular shaped vesicles was also performed using Kolmogorov-Smirnov test (KS). Since
the data consisted of 3 subjects with paired sampling of vesicle sizes, the test of significance
for the KS test had to be modified to account for within subject correlation. To achieve the
appropriate statistical significance, 5000 random permutations of Kolmogorov-Smirnov test
statistic per subject were calculated to estimate the null-distribution. The observed
Kolmogorov-Smirnov test per individual was then compared to null-distribution as well as
averaged across subjects to perform an overall test. This overall test of significance used
per-subject weights proportional to the total variance (sigma_i/sum(sigma_i)). For pathway
analysis in the normal controls a list of human UniProt/SwissProt ID identified in Fraction C
was used as an input to Ingenuity Pathway Analysis software (Ingenuity® Systems,
www.ingenuity.com Redwood City, CA). As result, we identified canonical pathways
enriched (p-value < 10710) by proteins from the input list.

Database Searching

Tandem mass spectra were extracted and charge state deconvoluted by extract_msn v.3
(parameters: -Z -V -MP100.00 -EA100 -S1 -110 -G1). Deisotoping was not performed. All
MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version
Mascot), Sequest (Thermo Fisher Scientific, San Jose, CA, USA; version 27, rev. 12) and X!
Tandem (The GPM, thegpm.org; version 2006.09.15.3). All search engines were set up to
search SwissProt (rel. 2010_05, filtered  HUMAN proteins, 20283 entries + 20283
reversed) assuming digestion by trypsin. Mascot and X! Tandem were searched with a
fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 20 PPM. Sequest was
searched with a fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 0.081
Da. Oxidation of methionine, iodoacetamide derivative of cysteine and acrylamide adduct of
cysteine were specified in Mascot, Sequest and X! Tandem as variable modifications.

Criteria For Protein Identification

Scaffold (version Scaffold 2 06 _01, Proteome Software Inc., Portland, OR) was used to
validate MS/MS based peptide and protein identifications. Protein identifications were
accepted if they could be established at greater than 95% probability and contained at least 2
identified peptides.*® Proteins that contained similar peptides and could not be differentiated
based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Uniprot IDs were generated via SWIFT using Sequest, Mascot, and X!Tandem, validated
via Scaffold and filtered using a 1% false discovery rate (FDR)*’. FDR is defined as the
“expected” proportion of incorrect assignments among the accepted assignments at the
global level*8. Venn diagrams from ID'ed protein lists required a minimum of 2 unique
peptides, Scaffold 95% probability at the peptide level, 95% probability at the protein level,
and filtered using precursor mass tolerance to achieve 1% FDR. Protein export files were
created and exported into Excel using the filtering conditions highlighted above.
Additionally, trypsin, the 3 spike-in protein internal standards, and any reversed sequence
protein hits (decoy hits) were removed from the export list that was used for generation of
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the Venn diagrams. Fraction B and C proteins were compared (supplemental table 1, figures
4C & 5). These would include proteins identified by only peptide with Elucidator® (Rosetta
Biosoftware) (Mascot search only) that passed Peptide Teller and Protein Teller filtering at
the approx 1% FDR. Shared protein output of two search engine analyses (SWIFT: 2
peptides identified for each protein detected and 1% FDR) with Elucidator® (with minimum
of 2 peptide requirement) of Fraction C and Gel C data revealed 1500 shared proteins
(supplemental table 2). This approach removed Elucidator® single peptide hits (from a
Mascot search only) that passed Peptide Teller and Protein Teller filtering at the approx. 1%
FDR. This dataset was used to characterize inter-individual variability and we used Excel
pivot tables to combine proteins from 7 patients and establish a protein “heat map” (Table
S2D). For comparisons to other databases, Perl scripts were used to translate their protein
lists. Some proteins could not be translated (not mapped) because they referred to proteins
no longer listed in Uniprot.

1-Dimensional PAGE Gels

Three exogenous proteins were added to each sample prior to SDS-PAGE separation: f3-
galactosidase from E. coli, (BGAL_ECOLI), ovalbumin (OVAL_CHICK), and bovine f3-
lactoglobulin (LACB_BOVIN) (Sigma Chemical, St. Louis, MO). 200fmol of each protein
was added to each lane.

In-Gel Digestion of Gel Sections

LC-MS/MS

The 1-D SDS-PAGE gel lane from each sample was excised into 10 sections using
prominent bands present in all lanes to demarcate each section (figure 3B). Each gel section
sample was further cut into approximately 1 mm3 pieces and stored at —80° C until
digestion. Gel samples were first hydrated with 150 mM Tris, pH 8.3, were de-stained using
50% isopropanol in 150 mM Tris, pH 8.3, dehydrated with isopropanol, followed by
reduction with 40 mM dithiothreitol (DTT) for 30 min. at 55° C and alkylation with
iodoacetamide (50 mM, 30 min., room temperature, dark). Gel pieces were dehydrated
between reduction and alkylation steps with isopropanol to remove excess reagent. Thirty
pL of 4 ng/uL sequencing grade trypsin (Promega, Madison, WI) dissolved in 20 mM Tris,
pH 8.3 containing 0.0002% Zwittergent 3-16 detergent (CalBiochem, San Diego CA) was
added to dehydrated gel pieces. After initial rehydration, an additional 20 uL of 20 mM Tris,
pH 8.3 was added and samples were digested overnight at 37°C. Digested peptides were
sequentially extracted with 2% TFA, followed by two aliquots of acetonitrile, each step for
30 minutes at ambient temperature. The combined extracts for each sample were briefly
frozen at —80°C prior to evaporation to dryness on a vacuum centrifuge. Dried tryptic
peptide extracts were stored frozen at —80°C until analysis by mass spectrometry. Samples
from each gel section were reconstituted in water containing 0.1% TFA, 0.2 % formic acid,
and 0.002% Zwittergent 3—16 that also contained 2fmol/uL angiotensin I, to monitor
instrument performance for each injection.

For the normal controls mass spectrometry (MS) data was acquired using nano scale liquid
chromatography coupled with high mass accuracy mass spectrometry and data-dependent
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tandem mass spectrometry (nLC-MS/MS). An Eksigent model nanoLC-2D (Eksigent,
Dublin, CA), interfaced with an LTQ-Orbitrap (Thermo Fisher Scientific, Bremen,
Germany) was used to perform 75 minute separations (3—40%B in 50 min.) on a 25cm long
by 75 micrometer (um) inside diameter spray tip packed with Magic C1gAQ (3um particles,
200 A pore size, Michrom BioResources, Auburn, CA). Samples were pre-concentrated on
an OptiPak 0.25 uL trap packed with Magic C8, (5 um, 200 A) (Optimize Technologies) at
15 pL/min using an Eksigent AS1 autosampler, injection volumes of 5-20 pL, and an
aqueous loading buffer of 0.05% TFA and 0.15% formic acid. MS data was collected in a
data-dependent manner by acquiring an Orbitrap survey scan (60,000 resolving power at m/z
400 FWHM, AGC target of 1 x 10% jons), and tandem MS (MS/MS) experiments in the
linear ion trap (LTQ) on the five most abundant doubly or triply charged precursor ions from
each survey scan (31% NCE, isolation width=2.2, 8x103 ions, 80 ms maximum ionization
time). Precursor ions were excluded for 45 seconds after selection for an MS/MS
experiment.

Samples were run in blocks by gel section, using a different order within each gel section to
minimize run order bias. Each sample run was followed by a blank run using a shorter LC
gradient. Each sample block was preceded and followed by QA/QC samples consisting of a
commercial tryptic digest of yeast enolase (Waters Corp.) to check sensitivity and
chromatographic performance, and a tryptic digest of yeast lysate to track the number of
proteins identified.

Relative Protein Quantification

Relative protein quantification for the seven subjects was performed on the Orbitrap survey
scan (MS1) data using the Elucidator software package (Rosetta Biosoftware, Seattle,
WA)?2L: 22 Elycidator aligns, measures abundance, and scores mass spectral features in each
sample based upon their chromatographic and m/z profiles. Features surpassing minimum
peak m/z scores of 0.9, peak time scores of 0.8, and LC peak widths of 0.125 minute were
carried forward in the workflow of assigning amino acid sequence and comparing their
relative abundance.

Peptide sequences were assigned to MS/MS spectra using the MASCOT database search
engine (Ver. 2.2.04, www.matrixscience.com) and searched against the human subset of the
Uniprot/Swiss Prot database. Validation of the database search results was done using the
Elucidator implementation of Peptide Prophet and Protein Prophet algorithms?#®: 49 with an
estimated false discovery rate of 1% estimated by the algorithms, while using reversed
sequence protein entries appended to the database as decoys.*6:47:50 Validated peptides were
annotated to their molecular signals across the aligned data from each sample.

Protein identification via in gel trypsin digest and nano LC-MS/MS with high resolution
mass spectrometry

For the glomerular disease samples the SDS-PAGE gel bands were prepared for mass
spectrometry analysis using the following procedures. Colloidal blue stained gel bands were
destained in 50% acetonitrile/50mM Tris pH 8.1 until clear. The bands were then reduced
with 40 mM TCEP/50mM Tris, pH 8.1 and alkylated with 20mM iodoacetamide/50mM Tris
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pH 8.1 at room temperature for 90 mins in the dark. Proteins were digested in-situ with 50ul
(0.005ug/ul) trypsin (Promega Corporation, Madison WI) in 20 mM Tris pH 8.1 / 0.0002%
Zwittergent 3-16, at 37°C for 16 hours, followed by peptide extraction with 20ul of 2%
trifluoroacetic acid and 80ul of acetonitrile. The pooled extracts are concentrated to less than
5ul on a SpeedVac spinning concentrator (Savant Instruments, Holbrook NY) and then
brought up in 0.2% trifluoroacetic acid for protein identification by nano-flow liquid
chromatography electrospray tandem mass spectrometry (nanoLC-ESI-MS/MS) using a
ThermoFinnigan QExactive™ Mass Spectrometer (Thermo Fisher Scientific, Bremen,
Germany) coupled to an Eksigent nanoLC-2D HPLC system (Eksigent, Dublin, CA). The
digest peptide mixture is loaded onto a 250nl OPTI-PAK trap (Optimize Technologies,
Oregon City, OR) custom packed with Michrom Magic C8 solid phase (Michrom
Bioresources, Auburn, CA). Chromatography is performed using 0.2 % formic acid in both
the A solvent (98% water/2% acetonitrile) and B solvent (80% acetonitrile/10%
isopropanol/10% water), and a 2%B to 40%B gradient over 160 minutes at 300 nl/min
through a hand packed PicoFrit (New Objective, Woburn, MA) 75um x 300mm column
(Agilent PoroShell EC-C18, 2.7um). The Q-Exactive™ MS method measured peptide
molecular weights using 70,000 resolving power (FWHM, m/z 200) survey scans (MS1)
followed by automated accurate mass MS/MS experiments of the top 20 abundant precursor
masses (charge states 2-5, inclusive). MS/MS spectra were extracted from the raw data files
using msconvert (proteowizard.sourceforge.net) to generate input search files for assigning
peptide sequence to tandem mass spectra. MS2 spectra were searched against Uniprot (June
2013) using the MyriMatch search engine®! Peptide spectral matches (PSM) were then
qualified using IDPicker®2. Proteins were matched at a FDR of < 1% with a 2 peptide match
minimum.

Characterization of Method Variability

The coefficient of variance (CV) of all identified peptides within the 7 control subjects, for
each gel section, was calculated from the MS1 abundance of each identified peptide. The
median CV was 0.48 (IQR = 0.33, 10! percentile = 0.25, 90" percentile = 0.93, n=45595)
after Loess normalization within each gel section (median CV = 0.54, IQR = 0.31 without
data normalization) and similar to results from the urinary proteome reported by Nagaraj et
al who reported inter-subject variability of 0.66.53

Overall variability for the relative quantification of any peptide is a composite of variability
in the analytical methodology, variability between individuals, and variability from intra-
individual physiological differences such as the time of urine sample collection. We
assessed contributions to this overall variability at 3 levels: 1) the synthetic peptide
angiotensin-1 was spiked into each sample prior to LC-MS to assess variability at the
instrument level (LC-MS/MS). 2) independent of this study, we processed aliquots of yeast
lysate in 7 gel lanes, and excised, digested, and performed LC-MS/MS analyses from a gel
section comprising proteins from the 37-48 kDa range to assess for variability without using
data normalization methods 3) Three protein internal standards were added to each sample at
the 200 fmol level prior to gel analysis to be measured in parallel with the exosome
proteome from each subject median CV of all peptides from the internal standards assessed
with and without normalization. After Loess normalization, the median CV of the three
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internal standards increased from 0.22 to 0.30 while the median cv of all peptides in the data
set, comprised primarily of the biological replicates, was reduced from 0.54 to 0.48 post-
normalization- further evidence that biological variability is greater than the technical
variability of our analytical protocol and therefore instrument time is better spent analyzing
additional biological replicates rather than analyzing technical replicates of biological
samples.

Bioinformatics

Acquired MS features from the LTQ-Orbitrap were analyzed with Rosetta Elucidator and
automatically processed by our analysis pipeline. ID mapping was compared to Uniprot
facilitating comparison of our proteome with urine, glomerular & existing exosome
proteomes. All reference proteomes used in the comparison were compared using Uniprot
IDs and DAVID database version 6.7.%4. We obtained the initial list of proteins in Fractions
B and C by intersecting results from Swift (Mascot version 2.2.04 (Matrix Science Ltd,
London, England), Sequest version 27.12 (Thermo Fisher Scientific, San Jose, California),
X!Tandem (version 2006.09.15.3; Global Proteome Machine Organization, http://
www.thegpm.org), Scaffold (version 3 00 03) & combined data set from Elucidator.>® The
Scaffold result was filtered using 95% protein probability, 95% peptide probability, at least
2 spectra identified per protein. Protein export files into Excel were created using the
filtering conditions highlighted above. For the inter-individual analysis the list of 1500
common proteins identified by both Swift and Elucidator pipelines was reduced from 1700
proteins (at detectable levels) to 1500 proteins (at quantifiable level). Additionally, trypsin,
the spike-in protein internal standards, and any reversed sequence protein hits (decoy hits)
were removed from the export list that was used for the Venn diagrams and generated with
VENNY.56

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Using density centrifugation of urine ELV pellets, three distinct subfractions are seen with

the podocin-rich fraction corresponding to Zone C. 1A. A transilluminated 5-30% sucrose
heavy water gradient (following centrifugation of layered total ELV fraction). The white
bands represent distinct ELV subpopulations. Fraction A is a low density diffuse band at the
top, the B (PKD-ELV) fraction is of intermediate density and the C or glomerular membrane
vesicle (GMV) fraction is of high density. 1B. Transmission electron micrographs fractions
A, B and C from six different normal individuals, viewed at 80,000x, [scale bar= 200nm].
Band A contains the largest diameter ELVs (150-300nm) with a biconcave ‘punched out
soccer ball’ appearance, Band B (PKD-ELVSs) contain classical ~100nm ELVs, (blue
arrows). B and C contain classical ELVs and smaller amorphous GMVs (green arrows). 1C.
Size distribution of ELVs in fraction A, B and C, (we excluded any structures > 400nm,
n=3406 ELVs, (measured from 6 individuals). Fraction A has a population of ELVs >
150nm and maximum diameter 310nm. The bulk of ELVs in fraction B are ~100nm with a
small contribution from particles that are on average ~50nm in diameter, both contributing
to the broad peak. Fraction C is bimodal with a large contribution from ~50nm glomerular
membrane vesicles (GMVSs).
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Representative images of immuno-electron microscopy studies of GMVs: 2A, shows GMVs

stained with podocalyxin and podocin (red arrows) and classical podocalyxin /podocin
of classical podocalyxin/podocin negative exosomes median 91.4 nm (IQR=76.9-109.2) and

negative ELVs (blue arrows) [Magnification: 80,000x, bars = 100nm]. 2B, Size distribution

podocalyxin/podocin positive GMVs

Figure 2.
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Wilcoxon). 2C, Peptides identified for podocin (7 unique peptides; all 7 controls) and

podocalyxin (57 unique peptides; all 7 controls) and were detected in each control and in the

GelC (pooled urine) experiment.

available in PMC 2014 November 01.

Kidney Int. Author manuscript;

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hogan et al. Page 23
A B
kDa cut
Podocin Polycystin-1
kba A B C kba A B ¢  250- =
B 150- ==
! 450- 100- —
se-" ™ 75-
8
. 50- -
42- -
37- =
25-
20-
C D E
kDa kDa ———
250- Tt
150- 5
85kDa- 100-
75-
50-
250-
37-
25- 150- . ) o .
- 20- Aminopeptidase N;IgGFc-binding protein
¢ -

15-

Kidney Int. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hogan et al. Page 24

i p! ki ‘ }
hen “_5."; EARRRIR B ich:
L 44 {8 g Pool
Gel C-Sucrose Gel B-Sucrose _ N¢ ?Contrab o/
: & ~

gradlem C gradientB A
“ow =x "on
W/ 238 =
- o
== - E
. :lll"ll 7 Contrals ot L
P = - . =
’/"' Fig3.B as. =20 =
7 Cantrals, 10 s
/ A ——
o sections s l
Elucidator Swiftsearch ( Swiftsearch h Swiftsearch Swuﬁ
Quantitative 959 2 95% 959% 2 95% 959% 2 95% Combined
SP2010_05 \ SP 2010_0S )

]

SP2010_05

Comparison
Y

Quantified 1800 @
List of Proteins p P

— [ 1% FDR Filter ] [ 1% FDR Filter ]
In-hous e
Normalization \l“ \!"

1733 total
9reversed

4 contaminants

1720 proteins

Label FreeL

1933 total
10 reversed
S contaminants
1938 proteins
Label Free-8

Pivot tablein Excel

1383 total
Sreversed
1375 proteins
GelCL

Heat Map:

Proteins comman
to controls

L‘bcl Free-C Gel

Figure 3.

3A Western blotting of 30ug of protein from fractions A, B and C probed with podocin
(42kDa and 84kDa dimer) and polycystin-1 (7e12, IgG1k) (450kDa) antibodies. Podocin
predominates in fraction C, whereas polycystin-1 predominates in fraction B. 3B:
Comparative inter-individual analysis on SDS PAGE (4-12%) of 30ug of fraction C protein,
from 7 normal volunteers, cut into 10 slices per individual labeled A-J confirming analytical
reproducibility of this method. These sections were used for proteomic analysis. 3C reveals
crude exosome product with abundant THP band at ~85kDa prior to density centrifugation.
(GelC) analysis of human fraction C ELVs, showing gel slices corresponding to molecular
weight data. 3D Shows the low molecular weight slices (45 slices) and 3E shows the
sections sliced for the high molecular weight analysis of pooled samples (36 slices). Proteins
of interest identified as most abundant corresponding to specific gel slices are marked. 3F
Summary of methodologies and post MS/MS data processing for protein identification and
quantification.
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Figure4.
Venn diagrams show overlap of various proteomic data: 4A. Overlap of Fraction B and

Fraction C proteomes. 4B: Overlap of Gel C (pooled samples) and Fraction C proteomes i.e.
total GMV proteome. 4C: 2190 unique proteins were identified in all three experiments.
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Figure5.
5A. Venny diagram comparison of our proteome with the Miyamoto glomerular tissue

proteome. 5B Overlap of our data with the Wang et al. exosome proteome. 5C. Comparison
of human urine (NHLBI), Miyamoto and Wang exosome proteomes with our data.
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Figure6.
GMVs from individuals with glomerular diseases: 6A Crude exosomes from one normal (C)

and three glomerular disease cases #1-3. THP resolves at 85-100kDa & albumin at 60—
67kDa. Albumin mainly remains in solution under these conditions with only moderate
enhancement in the nephrotic individuals. 6B Transilluminated ultracentrifuge tubes with
gradients obtained from cases with glomerular disease: .#1 and 2 resolved well whereas the
#3 resolved less well defined bands, although we did not have any difficulty fractionating
bands of interest in #3. 6C: Pellets from D,0O gradients SDS PAGE Coomassie brilliant blue
stained prior to gel sectioning (#3 has a small contaminating THP band at 85kDa). 6D:
Representative TEM of ELVs from individual #1, fractions A, B and C.
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Table 1

Clinical characteristics of patients with glomerular disease in this study.

Page 28

Case#l Case#2 Case#3
Age 41 73 69
Gender Female Male Male

Renal pathology

Membranous nephropathy

Membranoproliferative glomerulonephritis (IgG3
isotype)

Membranous nephropathy

Furosemide 40mg /d

Proteinuria 4.79/24 hours 4.69/24 hours 1.89/24 hours
Serum Creatinine | 0.6mg/dL 2.5mg/dL 1.2mg/dL

eGFR >60ml/min 42ml/min/SA¥ 60ml/min
Treatment Losartan 100mg/d CyBorD protocol* cycle 1 Lisinopril 40mg/d

Amlodipine 5mg/d

Bumetanide 0.5 mg qod
Metoprolol succinate 25 mg/d
Lisinopril/HCTZ 30-37.5 mg /d

Metoprolol succinate 25 mg/d

Proteinsidentified

3258

3197

4189

*
CyBorD protocol: 150 mg/m2 of cyclophosphamide po once weekly(dose reduced for renal function and age), 20 mg of dexamethasone po once

weekly, 3mg (1.5 mg/m2) of subcutaneous bortezomib once weekly. Each cycle consisted of four treatments, usually 3-6 cycles.

¥ . -
Measured by 24 hour urine creatinine clearance.
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